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osting by EAbstract One of the newest membrane processes is the application of poly dimethyl siloxane in the
ﬁeld of heavy hydrocarbon recycling. The problems related to performing the experimental mea-
sures by the means of membrane, especially at the industrial and semi-industrial scale refer to apply-
ing the obtained great importance in the efﬁciency evaluation. In this paper, in order to obtain the
dimensionless retentate component ﬂow rate of three-component gas mixture, including propane,
methane and hydrogen, the equations in which the diffusion and solubility coefﬁcients related to
the components in the poly-dimethyl siloxane membrane are considered as the functions of temper-
ature, pressure and the composition of feed percentage in the constant feed ﬂow rate (30 cm3/s) have
been solved after presenting the features and properties of poly dimethyl siloxane membrane. The
numerical solution method proposed with respect to the algebraic equations and the short solving
time has been chosen in comparison with the existing methods to solve the differential equations
such as the ﬁnite elements of the effective interpolation method by using orthogonal collocation
approximates using the temperature, pressure and concentration effects at the various levels and
the membrane surface area on the dimensionless retentate component ﬂow rate have been surveyed
of crosscurrent membrane model.2 5163729.
om (H. Mirzaee), f.mirzaee@
y. Production and hosting by
Saud University.
lsevier
36 H. Mirzaee, F. MirzaeeFor the accuracy of modeling results, the model error or deviation rate of experimental data has
been computed and the results of 256 tests performed on the three-component gas mixture in the
PDMS membrane have classiﬁed the constant feed percentage of pressure and temperature as 16
categories have been applied. Then, each category has been divided into 4 groups.
For example, separation coefﬁcient of propane in three-component has been evaluated on the
PDMS membrane in various temperatures and pressures.
Finally, using the MATLAB software and computer program implementation, the presented
materials have been simulated.
ª 2011 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
In recent years membrane-based gas separation systems have
been employed successfully for bulk gas separation besides
end-of-pipe installations. Membrane systems are more and
more used as part of a complex ﬂow sheet in combination with
other unit operations such as distillation, adsorption and reac-
tion. Examples where membrane gas separation systems are
used in industrial scale are the recovery of hydrogen from
ammonia purge streams, the hydrogen adjustment of synthesis
gas and natural gas sweetening. A comprehensive overview of
industrial membrane processes can be found in Ho and Sirkar
(1992). Membrane systems are also found in environmental
applications such as the removal of organic vapors from con-
taminated air and the recovery of methane from landﬁll gas
(Rautenbach et al., 1994; Rautenbach and Welsch, 1994). In
natural gas treatment, membrane separation systems can be
economically competitive with traditional amine or glycol
processes (Cook and Losin, 1995). If the boundary conditions
of the separation task are in favor of a membrane separation
system, a membrane plant offers several advantages because
of its modular structure, low-energy consumption and ease
of operation.
The issue of mathematical modeling of membrane gas sep-
arators was ﬁrst addressed by Waller and Steiner (1950). Since
then various models for gas permeators have been proposed in
the literature and only the recent developments will be refer-
enced here. A comprehensive collection of models for the var-
ious ﬂow patterns encountered in membrane gas separation
systems is given in Shindo et al. (1985). Giglia et al. (1991) pro-
posed a model for the co-counter and crosscurrent ﬂow pattern
for binary mixtures and veriﬁed the model with experimental
measurements. Approximate solutions to the differential perm-
eator model equations for binary (Krovvidi et al., 1992) and
multicomponent (Pettersen and Lein, 1994) mixtures have
been developed and used for design of membrane units.
Ruthren and Sircar (1995) reported a differential model for
separation of binary mixtures by counter or crosscurrent
modules. Two-unit conﬁgurations for separation of binary
mixtures have been evaluated economically and compared by
optimization calculation (Qiu et al., 1989; Lababidi et al.,
1996). Hinchliffe and Porter (1997) have presented and simpli-
ﬁed crosscurrent model for binary mixtures. Their model was
used for economic evaluation of one and two-unit conﬁgura-
tion for carbon monoxide production as a part of process
for the production of acetic acid.
In this paper, a mathematical model and numerical solution
are proposed for a membranous gas sample to separate the gas
mixture of propane, methane and hydrogen using poly di-
methyl siloxane based on diffusion-solution mechanism. Thediffusion and solubility of the membrane are considered as a
function of temperature, pressure and the component percent-
age of the feed, in the constant feed current. Through the
numerical solution method, interpolation by using orthogonal
collocation approximates, has the features mentioned below:
 Being accurate and effective for solving the threshold
values.
 Having less algebraic equations compared to the limited
components method.
The key parameters including the dimensionless retentate
component ﬂow rate have been calculated, in addition, the
parameter effects such as temperature, pressure, concentration
in the different areas and the membrane surface area on the
dimensionless retentate component ﬂow rate which are associ-
ated with comparing their results to the experimental data
regardless the dimensionless retentate component ﬂow rate
have been investigated, It enables us to understand and pro-
posed a model instead of a variety of variables.2. Membrane material
In order to separate a gas mixture containing propane, hydro-
gen and methane of poly dimethyl siloxane, consider mem-
brane with R = CH3 formula and glass temperature of
123 C which is selected regarding to its chemical and
mechanical resistance and also according to economic prob-
lems such as costs.
The PDMS membrane is applied commercially as a stan-
dard pressure to separate the heavier hydrocarbons from the
lighter ones (Scultz and Peinemann, 1996). Semenova (2004)
investigated the used polymeric membranes for the cleaning
and separation of hydrocarbons. In this study, he introduced
one of the PDMS as the most basic membrane in the desired
ﬁeld, the characteristics of organosilicons and the leaky C2H6
and C3H8 are presented in Table 1.
The experiment temperature is 308 K. P and P0 are leaked
product pressure (6.8 \ 105 pa) and the permeating saturated
pressure, respectively.
According to this table data, it can be concluded that:
 PDMS (R1 = CH3) has the highest permeation.
 In PDMS membrane, the solubility phenomenon is more
important than diffusion. Therefore this polymer can be
normally chosen in comparison with the larger molecules
which have a great tendency toward the liquefaction.
 It is a suitable option due to the chemical–mechanical resis-
tance, polymer price and synthesis cost.
Notation
Ep activation energy (kJ/mol)
Ed activation energy (kJ/mol)
DHS solubility enthalpy (kJ/mol)
D diffusion coefﬁcients (cm2/S)
A membrane, area (cm2)
N total ﬂow rate ðmol=sÞ
L length of permeator (cm)
n component ﬂow rate ðmol=sÞ
d thickness (cm)
N approximation order of collocation method
j ﬂux ðmol=cm2 sÞ
NC number of component
P pressure (bar)
q permeability ðmol=cm2 s barÞ
Q dimensionless permeability
u dimensionless permeate component ﬂow rate
U dimensionless permeate ﬂow rate
v dimensionless retentate component ﬂow rate:
V dimensionless retentate ﬂow rate
X dimensionless spatial position
Z spatial position (cm)
Subscripts
H high-pressure side
L low-pressure side
i, j collocation point indices
k component index
Superscripts
F feed
id ideal
P permeate
R retentate
Modeling and simulation gas separation by membrane of poly dimethyl siloxane 37 If the separation targets are the organic steams (C3) which
make a small portion of feed, it is better to apply the elastic
membranes in order to need a smaller surface area for the
passing of this small portion.
The diffusion, solubility and permeability coefﬁcients of
C3H8 and CH4 are demonstrated in Table 2.3. Crosscurrent membrane model
Ghadimi et al. (2009) has presented the relationship of (1)–(3)
for the diffusion and solubility coefﬁcients related to the com-
ponents composing the gas compounds (mixtures) such as pro-
pane, methane and hydrogen in the PDMS membrane based
on the current of constant feed (30 cm3/s) which are in accor-
dance with temperature, pressure and the percentage of feedTable 1 The characteristics of organosilicons and permeability coe
Polymer Tg (C) Permeability coeﬃcient, P
C4 C2H6
P/P0
0.1
–(CH3)(R1)Si-o-R1
–CH3 123 13.5 45
–C2H5 135 4.7 16
–C3H7 120 5.7 17
–C3H17 92 3.1 11
–CH2CH2CF3 70 2.0 3.1
–C6H5 28 0.36 1.1
–(CH3)2Si-CH2– 92 1.3 4.3
–(CH3)2Si-R2-Si(CH3)2-o-R2
–(CH2)2– 88 6.0 20
–(CH2)6– 90 4.0 13
–(CH2)8– 88 3.6 12
–m-C6H4 48 1.1 3.4
–p-C6H4 18 0.12 0.22composition. The obtained results correspond to the experi-
mental data:
Dk ¼ ðD1k þ n1DpÞ exp
EDk
RT
 
ð1Þ
Sk ¼ ðS1k þm1pf þm2pm3f Þ exp
DHsk
RT
 
ð2Þ
Y ¼ c1 þ c2y1 þ c3y2 ð3Þ
where S1k is the solubility coefﬁcient in the zero feed pressure
(relative pressure). D1k refers to the diffusion coefﬁcient in the
zero pressure difference n1, m1, m2, m3; represent the constant
coefﬁcients which show the dependence proportion of solubil-
ity and diffusion coefﬁcient to the feed pressure, the feed
pressure variance and the permeability product, respectively.
R presents the gas world constant. Pf is the feed pressure.
EDk and DHsk are the activation energy and solubility offﬁcient C2H6 and C3H8.
\ 102 (bar)
C3H8
P/P0
0.2 0.1 0.3 0.5
50 100 130 170
18 38 52 70
20 42 56 76
13 23 34 48
3.6 4.5 6.5 8.5
1.3 1.7 2.7 4.0
5.0 10 17 26
22 42 62 83
16 34 50 70
14 28 38 54
4.2 8 13 22
0.33 0.4 0.7 1.3
Table 2 The diffusion, solubility and permeability coefﬁcients of C3H8 and CH4.
Polymer Tg (
0C) D \ 106 (cm2 s) S \ 102 (cm3 cm3 cm Hg1) P \ 102 (bar) aidp a
id
D a
id
S
CH4 C3H8 CH4 C3H8 CH4 C3H8 C3H8/CH4
(CH3)2Si-o– 123 24.5 10.1 0.59 8.49 14.5 85.8 5.9 0.41 14.4
(CH3)(C3H7)Si-o– 120 7.59 2.72 0.70 9.10 5.34 29.6 5.6 0.36 13.0
(CH3)(C8H17)Si-o– 92 6.54 2.60 0.48 7.81 3.14 20.3 6.4 0.40 16.3
(CF3CH2CH2)(CH3)Si-o– 70 5.58 1.55 0.36 3.78 2.01 5.84 2.9 0.28 10.5
(C6H5)(CH3)Si-o– 28 1.22 0.29 0.30 4.87 0.36 1.39 3.9 0.24 16.2
(CH3)2Si-P-C6H4-Si(CH3)2– 18 0.44 0.07 0.23 3.69 0.10 0.27 2.6 0.16 15.8
Table 3 Constant amounts of Eq. (10) for calculating m1, m2,
m3, n1, S
1, andD1 as functions of H2 and C3H8 concentrations.
Y c1 c2 c3
D1 · 103 [cm2/s] 2.1497 3.4819 0.0509
n1 · 103 [cm2/atm s] 0.0536 0.5879 0.0086
S1 [cm3/cm3 atm] 0.0353 1.8111 0.2433
m1 [cm
3/cm3 atm2] 2.2555 2.077 4.688
m2 [cm
3/cm3 atm1+m3] 2.9884 3.9641 4.8211
m3 [nondimensional] 0.2997 0.3016 0.2289
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Figure 1 Changes diffusion coefﬁcient of component k for a
three-component mixture containing propane, hydrogen, and
methane with temperature in poly dimethyl siloxane membrane.
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Figure 2 Changes in the amount of species solubility for a three-
component mixture containing propane, hydrogen, and methane
with temperature in poly dimethyl siloxane membrane.
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Figure 3 Changes diffusion coefﬁcient of component k for a
three-component mixture containing propane, hydrogen, and
methane with pressure in poly dimethyl siloxane membrane.
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Figure 4 Changes in the amount of species solubility for a three-
component mixture containing propane, hydrogen, and methane
with pressure in poly dimethyl siloxane membrane.
38 H. Mirzaee, F. Mirzaeecomponent in the membrane, respectively. For example, EDk
and DHsk have been calculated as 10.95 and 19.5 (kJ/mol)
for propane. y1 and y2 show the component percentage of
composition in feed. n1, m1, m2, m3, S
1
k and D
1
k demonstrated
as the third relation in Table 3 are the constants in this
equation. Therefore Sk and Dk can be computed.
The rate of diffusion and solubility coefﬁcients related to
the components in the PDMS membrane, associated with the
pressure and temperature can be predicted using the model.
The rate has been demonstrated in Figs. 1–4.
Fig 5 schematically shows an idealized crosscurrent
membrane module. Essentially, the governing mass balance
k
Pn  P
 l
F
kn   PH                                                                                                                  
R
kn   PH   
z
Figure 5 Crosscurrent membrane model.
Modeling and simulation gas separation by membrane of poly dimethyl siloxane 39equations for the crosscurrent case yield a two-dimensional
problem to take into account the perpendicular permeate ﬂow
relative to the feed.
However in the absence of a pressure drop in the permeate
ﬂow direction the driving force and hence the compositions
and component ﬂows change only in the z-direction. Plug ﬂow
is assumed and the material balance of component k on the
retentate side is then given by
fk ¼ Ldn
R
k
dz
þ qkA PH
nRk
NR
 PL n
P
k
Np
 
¼ 0 k ¼ 1; . . . ;NC ð4Þ
And the corresponding boundary condition requires that at
the feed inlet the retentate component ﬂows are equal to the
feed ﬂows
z ¼ 0 : nRk ¼ nFk ð5Þ
Since the permeate ﬂow is perpendicular to the retentate ﬂow
there is no simple relation to eliminate one set of variables like
in the countercurrent case. Summation of Eq. (4) over k gives
LdN
R
dz
¼
XNC
k¼1
qkA PH
nRk
NR
 PL n
p
k
Np
 
¼ a ð6Þ
and the mole fraction of component k on the permeate side yk
can then be expressed as
yk ¼
npk
NP
¼ qAPH
a þ qkAPL
nRk
NR
ð7Þ
Eliminating yk in Eq. (4) and introducing in addition to Eq. (8)
the dimensionless variables
vk ¼ n
R
k
NF
; V ¼ N
R
NF
; a ¼  dV
dx
; Zk ¼ n
f
k
Nf
; a ¼ PL
PH
;
x ¼ Z
L
; Qk ¼
qkAPH
NF
ð8Þ
yields
fk ¼ dvk
dx
þ Qkavk
VðaþQkcÞ
¼ 0 k ¼ 1; . . . ; NC ð9Þ
The dimensionless boundary condition is given by
x ¼ 0 : vk ¼ zk ð10Þ
Eq. (9) is supplemented by the closing conditions for the mole
fractions on the retentate side
h ¼ V
XNC
k¼1
vk ¼ 0 ð11Þand permeate side, written in terms of the retentate ﬂows
g ¼ V
XNC
k¼1
Qkvk
aþQkc
¼ 0 ð12Þ
Eqs. (9), (11), and (12) provide NC+ 2 equations to calculate
the NC+ 2 variables Uk, V and a, each of them as a function
of the dimensionless spatial position x.
For simplicity, the countercurrent as well as the crosscur-
rent model presented here neglect pressure drops on either side
of the membrane caused by the viscous gas ﬂow. The actual
membrane unit model developed during the course of a
Ph.D. Project does take into account the pressure drops
(Tessndorf et al., 1998). The pressure drop may be described
by a Hagen–Poiseuille-type of differential equation. In general,
if the pressure drop differential equation expresses the pressure
drop as a linear function of the overall ﬂow rate, the pressure
drops on either side of the membrane can be incorporated into
the models presented above without a major increase in com-
plexity. Since the pressure drop equation is linear in the overall
ﬂows, the number of nonlinear equations to be solved is not
increased and the only complication introduced by the pres-
sure drop is an additional contribution to the Jacobian matrix.
Besides the pressure drops, the model developed in the
Ph.D. project takes also into account the nonideality of the
gas phases. This is done by expressing the driving force in terms
of the difference in fugacities instead of the difference in partial
pressures. Since the fugacity coefﬁcients are composition
dependent, this extension of the model involves more complex
numerics for the solution of the equations. However, the corre-
sponding solution procedure is an example of how to take into
account composition dependent parameters in the membrane
unit model, Instead of the fugacity coefﬁcients, the model
may account for composition dependent permeabilities.
In this case the solution procedure developed for the fugac-
ity-dependent model stays essentially the same.
4. Solution procedure
Before choosing a numerical solution procedure it seems to be
helpful to classify the model equations developed above. In the
countercurrent case the model results in two-point boundary
value problem since boundary conditions are speciﬁed at the
inlet as well as at the outlet. In contrast the crosscurrent con-
ﬁguration yields an initial value problem. Powerful solution
techniques for initial value problems gave been developed
and could, in principle, be applied to the crosscurrent equa-
tions. In the countercurrent case the situation is somewhat
more difﬁcult. In order to apply a traditional initial value sol-
ver elimination of one of the set of boundary conditions, the
permeate exit ﬂows, are necessary. The so-called shooting
methods solve the unspeciﬁed boundary value in a separate
Newton procedure. Procedures like this can be applied in a
variety of boundary value problems as long as the resulting ini-
tial value problem is stable and a good initial guess for the
unspeciﬁed conditions can be provided. In the countercurrent
membrane module this might not always be the case. Very fast
permeating species with a small feed ﬂow rate can cause a stiff
differential equation system and for multicomponent problems
providing an initial guess for the permeate exit ﬂow rates might
not be trivial. In this case a global solution procedure seems to
be more applicable. Finite element methods divide the domain
40 H. Mirzaee, F. Mirzaeeof the independent variable into a discrete number of elements
and set up individual balances for each section. In the present
case a nonlinear system of algebraic equations would be ob-
tained which exhibits a block tridiagonal Jacobian matrix (Co-
ker and Freeman, 1997) In the case of steep proﬁles of the
dependent variables a rather large number of elements is
needed to guarantee sufﬁcient accuracy of the solution.
Weighted residual methods approximate the solution to the
differential equations by trial polynomials. The polynomials
are expanded into the differential equations. The unknown
coefﬁcients of the polynomials are determined by equating
the weighted residuals of the expanded differential equations
to zero. Numerical integration of the weighted residuals yields
an algebraic system of equations which can be conveniently
solved by an appropriate equation solver. Among the brieﬂy
discussed solution procedure are alternatives of orthogonal
collocation (Villdsen and Michelsen, 1978).
A weighted residual method, has been chosen because it is
an accurate and efﬁcient method to solve boundary value
problems. Orthogonal collocation yields less algebraic equa-
tions to be solved compared to a ﬁnite elements approach
and guarantees high accuracy of the solution at the same time.
4.1. Orthogonal collocation for crosscurrent membrane model
Substitution of the polynomial expansion
ukðxÞ ¼
XNþ1
i¼0
ukiliðxÞ ð13Þ
Into the equations for the crosscurrent case, Eqs. (16), (18) and
(19), yields.
fkj ¼
XNþ1
i¼0
Ajivki þ Qkajvkj
Vjðaj þQkcÞ
¼ 0 ð14Þ
hj ¼ Vj 
XNC
k¼1
vkj ¼ 0 ð15Þ
gj ¼ Vj 
XNC
k¼1
Qkvkj
aj þQkc
¼ 0 ð16Þ
where k= 1, . . ., NC, j= 1, . . ., N+ 1, Aji = olj/oxi with and
N begin the number of internal collocation points excluding
the interval end points. The collocation points are the Gauss-
ian quadrature points resulting from the integration of the
weighting integrals. The Aji are the elements of the discretiza-
tion matrix A for the ﬁrst derivative. The computation of the
discretization matrix the collocation points and the interpola-
tion weights can be conveniently automated and details can be
found in Abramowitz (1965), Crank (1975), Villdsen and
Michelsen (1978), Michelsen and Villadsen (1971), Store and
Bulirsch (1993). Eqs. (20)–(21) yield a nonlinear system of
(NC + 2) (N+ 1) equations to calculate the (NC + 2)
(N+ 1) un know ordinates vkj, aj and Vj. The average perme-
ate exit ﬂow rates Uk can be obtained by an overall balance
around the module.
4.2. Solution by Newton’s method for crosscurrent membrane
model
Newton’s method requires an initial guess of the variables in
order to initiate the iteration. For this purpose the model for
the membrane module is reduced to the simplest possible ﬂowpattern, the ideal mixing case. The ﬂow rates are then not a
function of position anymore and the corresponding model
equations reduce to
uidk Qk
zk  uidk
1Uid  c
uidk
Uid
 
¼ 0 ð17Þ
Uid 
XNC
k¼1
uidk ¼ 0 ð18Þ
Solving Eq. (29) for the uidk and substitution into Eq. (25)
gives
XNC
k¼1
zk
Qkð1 cÞ Uid
Uid½Qkð1 cÞ Uid þ 1 þQkc
¼ 0 ð19Þ
Eq. (19) is a single nonlinear equation in the unknown Uid
and can be conveniently solved by Newton’s method.
Examination of the derivative of Eq. (19) with respect to
Uid shows that Eq. (19) is monotonous in interval [0–1] which
guarantees a unique solution for Uid.
An initial guess for the proﬁles V and a is required to initiate
the iteration sequence (Tessndorf et al., 1998). The ideal mixing
split factor Uid is again used to obtain the initial guess from
Vj ¼ exp½Lnð1UidÞXj ð20Þ
aj ¼ Lnð1UidÞVj; j ¼ 1; . . . ; Nþ 1 ð21Þ
where xj is the jth collocation point. In cases of steep pro-
ﬁles, the initialization with the linear interpolation Eq. (20),
(21) might be too poor and Newton’s method is likely to fail.
This problem can be avoided by improving the initial guess
with two or three steps of successive substitution on the overall
ﬂow proﬁle V, a. The initialization procedure has shown to be
stable also in optimization calculations with widely varying
operating conditions.
4.3. Single-unit algorithm
The algorithm for a single membrane unit with countercurrent
or crosscurrent ﬂow pattern is schematically shown in Fig 6.
The model and solution procedure treat the membrane unit
as a black box which given the input variables, calculates the
model output.
For given values of qk, n
F
k ,A,PL andPH the calculation is ini-
tiated by specifying the approximation order of the collocation
method. The collocation points and the discretizationmatrix for
the ﬁrst derivative are readily evaluated. The idealmaxing case is
solved and the ideal split factor Uid is used to initialize the pro-
ﬁles U or V and a. In the countercurrent case the linear initial
proﬁle might be improved by a few steps of successive substitu-
tion. Next, the component mass balances are solved as a linear
set of equations to obtain the component ﬂows. The component
ﬂows are used to evaluate the derivatives for the jacobianmatrix
and the function vector for the Newton method. If the norm of
the function vector is notwithin a speciﬁed limit the proﬁlesU or
V and a are updated by Newton’s method and the procedure is
repeated, unit convergence is obtained.5. Results and discussion
After solving model equations input variables effects such as
temperature, pressure, mole fraction of feed components and
membrane surface area on dimensionless retentate components
Solve linear 
component balances 
For comp.flow crossc:eq.(14) 
Specify approximation 
Order N and 
Input qk, zk ,A,PH,PL
Calc.collocation points and 
discretization matrix 
Solve ideal mixing case 
eq.(19)and init.profile 
crossc:Eq.(20)+(21) 
Calc.contribution to jacobian 
 and 
solve for correction to 
var vector:crossc: 
Eq.(14)+(15)+(16) 
Counterc:improve initial Total 
flow profile by 
 successive substitution 
Check Norm of 
corrections+ 
functions 
Done 
Apply corrections 
converged 
Not converged 
Figure 6 Algorithm for single membrane unit.
Modeling and simulation gas separation by membrane of poly dimethyl siloxane 41ﬂow rate, diffusion coefﬁcient, solubility, propane separation
coefﬁcient, permeability, and ideal mixing split factor in the
crosscurrent model and in the poly dimethyl siloxane mem-
brane should be considered, as it is presented below.
5.1. Temperature
Changes in the amount of dimensionless retentate crosscurrent
of components for a three-component mixture containing pro-
pane, hydrogen, and methane with temperature 28–48 C in
poly dimethyl siloxane membrane are shown in Fig 7.Model
and experimental data are compared with each other andmaximum deviation in results for propane, hydrogen, and
methane are calculated 4.5%, 6.7%, and 6.4%, respectively.5.2. Pressure
Changes in the amount of dimensionless retentate components
ﬂow rate for a three-component mixture of propane, hydro-
gen, and methane with pressure 4–8 bar in poly dimethyl silox-
ane membrane are shown in Fig 8.
Model and experimental data are compared with each other
and maximum deviation in results for propane, hydrogen, and
T (ºC)
VK 
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0
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Figure 7 Changes in the amount of dimensionless retentate ﬂow
rate for a three-component mixture containing propane, hydrogen,
and methane with temperature in poly dimethyl siloxane membrane.
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Figure 8 Changes in the amount of dimensionless retentate compo-
nents ﬂow rate for a three components mixture of propane, hydrogen,
and methane with pressure in poly dimethyl siloxane membrane.
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Figure 9 Changes in the amount of dimensionless retentate
components ﬂow rate for propane, hydrogen, and methane with
concentrations in poly dimethyl sicloxane.
Table 4 Known parameters for modeling gas mixture sepa-
ration by PDMS membrane.
Xc3 0.1
XH2 0.5
Xc 0.4
Flow rate (cm3/s) 30
d (lm) 250
T (C) 28
PH (atm) 4
z (cm) 0.7
Pl (atm) 1
Table 5 The amount of dimensionless retentate components
ﬂow rate for a gas mixture containing propane, hydrogen, and
methane with increment of membrane surface area PDMS
membrane.
Num A (cm2) vM1 v
M
2 v
M
3
1 0.3848 0.0957 0.4719 0.3778
2 2.5457 0.0695 0.3475 0.278
3 2.8353 0.067 0.3241 0.2673
4 7.0686 0.0357 0.1783 0.1426
5 7.5477 0.0328 0.1638 0.131
6 11.3411 0.0121 0.0604 0.0483
Table 6 The amounts of separation factor for propane in
various temperatures and constant pressure (4 bar).
Num T (C) V vk a
1 28 0.9457 0.0957 0.769
2 35 0.9392 0.0944 0.913
3 40 0.943 0.0971 0.482
4 45 0.8401 0.0939 0.356
Table 7 The amounts of separation factor for propane in
various pressures and constant temperature (28 C).
Num P (bar) V vk a
1 4 0.9457 0.0957 0.769
2 5 0.9078 0.0911 0.9615
3 6 0.8682 0.0871 0.9764
4 7 0.8253 0.0827 0.989
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respectively.
5.3. Concentration
Changes in the amount of dimensionless retentate components
ﬂow rate for propane, hydrogen, and methane with concentra-
tions in poly dimethyl siloxane are (2.5–0.1), (0.65–0.5), and
(0.1–0.4), respectively, and shown in Fig 9 (temperature and
pressure are constant and equivalent to 28 C and 4 bar),maximum deviation in results for aforementioned components
are calculated 5.1%, 12%, and 40%, respectively.
5.4. Membrane surface area
With using current operating properties which are presented in
Table 4 the results of membrane surface area in various dimen-
sionless retentate components ﬂow rate are shown in Table 5
after calculating (Mirzaee, 2009).
5.5. Separation factor
With utilizing current operating properties the results of the
amounts of vector separation factor for propane component
are in following conditions:
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2. Various pressures and constant temperature (28 C).are
represented in Tables 6 and 7, respectively.6. Conclusion
The more important advantages of proposed model are as
follows:
 Gas diffusion and Solubility into the membrane are deter-
mined as functions of temperature, pressure, and concentra-
tion of feed components.
 Predicted results by the model accommodate with experi-
mental data and they are in agreement with amount of devi-
ation or error in results.
 The paper presents a mathematical model and numerical
solution procedure for a membrane gas module for gas sep-
aration of multicomponent mixtures. The differential model
equations for the industrially important crosscurrent ﬂow
pattern are presented and an efﬁcient procedure for their
numerical solution based on orthogonal collocation is
developed. Besides solving the model equations also it has
been shown how effects of temperature, pressure, concen-
tration and area membrane of PDMS on the dimensionless
retentate components ﬂow rates including Propane, hydro-
gen and methane can be obtained.References
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